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A B S T R A C T
There is growing demand for pollination services in agricultural production, which contrasts with declines of
wild and managed pollinator populations. Macadamia (Macadamia integrifolia) is a mass-flowering crop that
depends on pollination services and is increasingly cultivated in South Africa. We studied the crop’s pollination
in South African orchards considering variation in landscape context and the spatial arrangement of managed
honeybees (Apis mellifera). We conducted pollination experiments and pollinator observations on macadamia
trees along a distance gradient from orchard edges that bordered either near-natural or human-modified habi-
tats. In addition, we mapped position and density of honeybee apiaries at orchard-level. Nut set of macadamia
trees strongly relied on animal-mediated pollination: pollinator exclusion reduced the initial nut set (3 weeks
after pollination) by 80% and the final nut set (15 weeks after pollination) by 54%. Supplemental hand-polli-
nation of otherwise untreated flowers increased initial and final nut set by 66% and 44%, respectively, indicating
substantial pollination limitation. The landscape context only weakly affected pollinator visitation to macadamia
trees, with reduced visitation closer to orchard edges bordering human-modified habitats. Furthermore, we
observed almost no wild pollinator species. Instead, honeybees constituted 99% of all visits, whereby honeybee
visitation rates increased with a tree’s connectivity to apiaries. However, neither initial nor final nut was related
to visitation rates, and the final nut set was actually reduced where honeybee colony density was high, with a
predicted 50% reduction in final nut set between the lowest and highest colony densities. Our study demon-
strates a strong pollination limitation in South African macadamia orchards, where managed honeybees fail at
delivering the increasing need for pollination services. Indeed, increasing their colony densities may further limit
their pollination efficiency. A pollination management that also includes non-Apis managed pollinators and wild
pollinators is possibly needed to increase nut set and provide solutions for increasing pollination service de-
mands. In intensive macadamia orchards, this can also necessitate the need for more pollinator-friendly man-
agement practices, including habitat restoration and reduced pesticide application.
1. Introduction
Pollination by animals enhances the quantity, quality and stability
of production from 70% of the world’s leading food crops (Klein et al.,
2007; Ricketts et al., 2008). While the global production of crops that
depend on pollination is increasing (Lautenbach et al., 2012) both wild
and commercial pollinators are under pressure (Potts et al., 2010).
Agricultural expansion commonly happens at the expense of natural
habitats, threatening wild pollinator populations (Kremen et al., 2002;
Potts et al., 2010). In turn, production of many animal-pollinated crops
increasingly relies on managed species, in particular honeybees
(Apidae; especially the Western honeybee Apis mellifera, L.). However,
honeybees often show low pollination efficiency, and yields of most
animal-mediated crops are still largely dependent on wild pollinators
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regardless of honeybee abundance (Garibaldi et al., 2013). Solely re-
lying on managed honeybees for crop production thus may result in
pollination limitation.
Pollination limitation, i.e., the occurrence of reduced fruit or seed
production because of temporally or spatially limited pollination ser-
vices, is likely to be particularly pronounced in large orchards of mass-
flowering crops. Macadamia (Proteaceae; commercially most important
species: Macadamia integrifolia and M. tetraphylla) is an economically
important food crop of which production in South Africa in 2014 sur-
passed that of Australia, making South Africa the world’s largest ma-
cadamia nut producer (Department of Agriculture Forestry and
Fisheries South Africa, 2015) despite the plant having its native range
in Australia. Notably, nut set in macadamia trees strongly depends on
pollination by wild bees and managed honeybees (Heard and Exley,
1994). Cross-pollination among the outcrossing cultivars appears to be
particularly important (Trueman, 2013).
Pollination services in agroecosystems are usually strongly affected
by the surrounding landscape. Services often decline with an increase in
landscape simplification and agricultural expansion (e.g. Ricketts et al.,
2008; Shackelford et al., 2013). In contrast, proximity of agricultural
areas to natural habitats can increase on-farm pollinator abundance and
richness as well as crop pollination (Blanche et al., 2006; Carvalheiro
et al., 2010; Chacoff and Aizen, 2006; Garibaldi et al., 2011). Especially
for central-place foragers, such as bees, the distance between the nest
and nectar-providing flowers is crucial and can be an important de-
terminant for successful pollination (Gathmann and Tscharntke, 2002;
Ricketts, 2004; Kremen et al., 2007). Visitation rates therefore are likely
to decrease with increasing distance from field edges bordering essen-
tial habitats, leading to spatial variation in pollination services in large
orchards (Klein et al., 2003a,b; Morandin and Winston, 2005).
If pollination services by wild pollinator species are limited, farmers
may increasingly rely on pollination by domesticated pollinators,
commonly honeybees. However, pollination services by honeybees can
also be spatially limited, depending on the density and spatial ar-
rangement of apiaries within orchards (Cunningham et al., 2016). On
first sight this may seem counterintuitive given the high spatial mobi-
lity of honeybees (Beekman and Ratnieks, 2000). Nevertheless, an over-
abundance of resources from mass-flowering crops can result in re-
stricted foraging ranges of honeybees. This has recently been shown in
mass-flowering almond orchards (Cunningham et al., 2016): pollen-
collecting activity of honeybees decreased with distance from apiaries.
Honeybee activity was further influenced by colony density, which
resulted in decreased nut set of almond trees at densities lower than 6.8
colonies per ha. It remains unclear whether such density-dependent
effects on crop pollination are generalizable. Moreover, if honeybees
are the sole pollinators in large orchards, their foraging behaviour may
counteract efficient cross-pollination because they repeatedly exploit
the same, most accessible resources. In fact, studies in almond orchards
have shown that wild pollinators are needed to frequently disturb
honeybees during foraging, resulting in enhanced movement rates of
honeybees between the interplanted cultivars and thus enhanced pol-
lination effectiveness (Brittain et al., 2013). A similar positive role of
wild bees on honeybee pollination effectiveness was found in sunflower
seed production (Greenleaf and Kremen, 2006). Given the high reliance
of nut set in macadamia cultivars on outcrossing, absence of wild bees
may severely limit the effectiveness of honeybee management for crop
pollination.
Here, we study pollination services in South African macadamia
orchards. We use pollination experiments to discern the role of animal-
mediated pollination for nut set, as well as pollen limitation. In addi-
tion, we identify the role of landscape context and honeybee manage-
ment for pollination services. Specifically we address the following
questions: (I) Is there evidence for substantial pollen limitation in
commercial South African macadamia orchards? (II) How much do wild
pollinators and managed honeybees contribute to flower visitation and
nut set? (III) How do the spatial arrangement of apiaries and the
landscape context influence pollinator visitation rates and nut set?
2. Materials and methods
2.1. Study region and design
We conducted our study in the Levuvhu Valley at the southern
foothills of the Soutpansberg, 20 km east of Makhado, Limpopo
Province, South Africa (23° 3′ 0″ S, 29° 54′ 0″ E). The Levuvhu Valley is
dominated by extensive monocultures of macadamias (M. integrifolia,
M. tetraphylla and hybrids), pecan nuts (Carya illinoinensis), avocados
(Persea americana), bananas (Musa spp.), pines (Pinus spp.) and gum
trees (Eucalyptus spp.). The orchards are interspersed with remnants of
natural bush and savannah. The adjacent Soutpansberg Mountain
Bushveld is mostly covered by natural bush with few pine and gum tree
plantations. The region is characterized by a tropical dry to moist cli-
mate, with a rainy season in summer from November to April, and
annual rainfall of about 960mm. Daily temperatures range between 15
and 40 °C and between 0 and 25 °C in summer and winter, respectively
(Taylor et al., 2013).
In August 2015 we selected six commercial macadamia orchards in
the region, which were situated on five farms with 8–16 year old trees
(orchard size: 77.7 ha ± 71.6 ha [mean ± SD]; min=11.0 ha;
max=210.3 ha). Farmers grew altogether five different cultivars of M.
integrifolia (246, 788, 741, 816, 814) and one hybrid of M. integrifolia
andM. tetraphylla (695=Beaumont; in the following also referred to as
‘cultivar’). Cultivars were planted in blocks or varied per tree row, re-
sulting in a spatially diverse mosaic of cultivars allowing for cross-
pollination. To assess the effect of landscape context on pollinator ac-
tivity within farms, we identified two edges with strongly contrasting
bordering habitat composition in every orchard. These edge types were
classified as either ‘near-natural’ or ‘human-modified’, depending on
the composition of the adjacent habitat types (Fig. A1 in Supplementary
materials). The most important natural habitat for wild pollinators in
our study, natural bush and savannah, made up on average 80%
[SD:± 18%] of the habitat bordering the Macadamia orchards at nat-
ural edges. In contrast, natural bush and savannah made up only
27% ± 19% of the adjacent vegetation at human-modified edges.
2.2. Study species and pollination experiments
Macadamia integrifolia, M. tetraphylla and their cultivars are the only
economically important species within the genus Macadamia. All are at
least partially self-incompatible and cross-pollination among cultivars
results in highest yields (Sedgley, 1983; Trueman, 2013). The in-
florescences are pendant racemes bearing 100 to 300 single flowers;
one tree can bear up to 2500 racemes per flowering season (Trueman
and Turnbull, 1994). The flower stigma becomes receptive a few days
after ripe pollen by the same inflorescence has been produced. Fertili-
zation occurs within 1 week after anthesis, followed by immature fruit
drop during the first 7–15 weeks after pollination (Sedgley, 1983). Full
nut ripening can take up to 24 weeks.
We experimentally determined the contribution of pollinators to nut
set as well as pollen limitation of macadamia trees, applying three
treatments: (I) bagging of racemes to prevent insect pollination, (II)
marked but otherwise untreated racemes and (III) racemes open for
pollination with supplemental hand pollination using pollen from a
different cultivar.
To test for the contribution of pollinators to nut set, we bagged
flowers to exclude flower visitors from access. At each edge type in
every orchard we selected two trees, resulting in a total number of 24
trees. One tree was situated directly at the edge of the orchard, the
second one in a distance of 15m from the orchard edge (Fig. 1a). On
each of these trees we bagged one to eight racemes with plastic gauze
(mesh width 2mm×2mm). One bag was lost during the experiment,
resulting in a sample size of 23. The number of bagged racemes
I. Grass et al. Agriculture, Ecosystems and Environment 260 (2018) 11–18
12
depended on the availability of reachable and suitable racemes, i.e.,
racemes that had reached their full length and without open flowers.
Due to logistic constraints, we did not mark the individual racemes
within each bag, but instead always noted the summed flower abun-
dance and summed nut set over all racemes within a given bag. In
contrast, for the two other treatments individual racemes were marked.
First, we marked racemes that were assigned no treatment on the same
trees to study nut set under natural conditions (N=960). We did not
observe visual differences between the bagged and the non-bagged
racemes during the course of our study that could have pointed towards
altered microclimatic conditions influencing flower development or nut
set.
Fig. 1. Study design, flowering and nut set in macadamia. a) Illustration of macadamia orchard with contrasting edge characteristics (‘near-natural’ vs. ‘human-
modified’). Pollinator observations and assessment of nut set was done on four trees directly at the edge (‘0m’), and two sampling trees respectively at 15m and 50m
distance from the edge. PE: pollination experiments. b) Flowering and nut set in macadamia. Some trees showed simultaneous flowering of racemes, initial nut set of
already pollinated racemes, as well as final nut set of the preceding flowering phase (several months ago). Note that although flowers and nuts are aborted, the
raceme length can be distinguished clearly during all stages of nut development. c) Correlation of the number of flowers per raceme and raceme length. The strong
positive correlation (r= 0.76, df= 98) was highly significant (p < 0.001). The estimates from the linear regression were used to infer the initial number of flowers
of racemes at later stages of nut set.
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Second, we tested for pollination limitation by supplementing the
naturally deposited pollen on flowers with manually applied pollen
(N=114 racemes). We used the same trees as in the exclosure ex-
periment or neighbouring trees if the number of suitable racemes was
limited. Racemes that received hand pollination were treated as follows
(Trueman, 1994; Wallace et al., 1996): a plastic tube was put over a
raceme with freshly opened flowers from a different cultivar to make
the pollen stick to the tube’s inner surface. The tube was then put over
the raceme to be pollinated, and rotated slowly to ensure pollen
transfer. We repeated this treatment on each hand-pollinated raceme
two to seven times in an interval of one to two days. We randomly
selected racemes for all treatments and thereby included different
branches and variation in height above ground level as well as in car-
dinal directions.
2.3. Mapping of apiaries and tree connectivity to honeybee colonies
Beekeeping is very common in macadamia orchards to enhance
pollination. Here, we did not manipulate the number of colonies per
location or their spatial distribution experimentally, but focused on the
variation in honeybee management that is typical of our study region.
To assess the role of honeybee management on variation in pollinator
visitation to macadamia trees we focused on three key measures of
honeybee management: distance of observation trees to the nearest
colony, colony density surrounding each observation tree in a 1000m
radius (subsequently standardized to density per ha), and a connectivity
index that combines both attributes.
We recorded the GPS localities of apiaries and number of honeybee
colonies in all orchards, using information from local beekeepers. The
distance of each observation tree to the nearest colony was recorded in
meters. Additionally, we assessed the colony density as the number of
hives in a 1000m radius surrounding each observation tree. We sub-
sequently standardized this to density per ha. Both colony distance and
colony density may interact in shaping honeybee visitation. Thus, we
also calculated a connectivity index that combines both attributes.
Here, we used Hanski’s Connectivity Index ‘CI’ (Hanski, 1994):
∑= −
≠




The index was initially developed to measure landscape con-
nectivity among several small habitat patches j with size Aj to the study
site i. The distance of each patch to the study site is denoted as dij (dij)
with data on the size of each habitat patch (Aj). The parameter α scales
the effect of distance on migration; 1/αmeasures the average migration
distance of species. We transferred the context of Hanski’s CI to our data
by using the distance between each observed tree individual to all bee
hives in a radius of 1000m as dij and the number of colonies at each
apiary as Aj. We decided to cover a radius of 1000m around each tree
because honeybees in macadamia orchards are known to cover dis-
tances from the apiary of up to 1000m with a peak at around 300m to
search for food (Gary et al., 1972). Thus, we set the scaling parameter α
to 3.33, referring to an expected average flying distance of honeybees of
300m. The scaling exponent b was not used and therefore set to 1.
Pairwise Pearson’s correlations indicated that the three measures (dis-
tance to nearest colony, colony density, connectivity index) were sta-
tistically independent of each other (distance-density relationship:
r=−0.26; density-connectivity: r= 0.45; distance-connectivity:
r=−0.06).
2.4. Pollinator observations
We observed pollinator visitation to macadamia flowers during the
species’ main flowering period in our study region (August to October)
in 2015. In every orchard, we selected four trees directly at each of the
two edges, as well as two trees at 15m and 50m distance from each
edge, respectively (6 orchards× (4 trees at 0m+2 trees at 15m+2
trees at 50m)×2 edge types= 96 trees in total; Fig. 1A). Pollinator
visitation was observed for 5min per tree and repeated three to five
times depending on tree flowering duration. As visitation rate, we de-
fined the number of times a potential pollinator sat on a raceme (in-
cluding multiple visits by the same individual) (Winfree et al., 2007;
Ricketts et al., 2008). Pollinators were identified ‘on-the-wing’; visitors
that could not be identified were collected and identified in the lab or
assigned to morphospecies. Prior to each observation, we estimated the
total number of flowers on the whole tree as well as the number of
flowers observed for pollinator visitation. All observations took place
between 7:30 a.m. and 4:30 p.m. and under favourable weather con-
ditions only (temperatures between 18 and 30 °C, no rain or strong
wind). Visitation rates were standardized to 200 flowers, i.e., the ap-
proximate mean number of flowers on a single raceme.
2.5. Determination of nut set
Nut set, i.e., the proportion of nuts developed from flowers, is the
major determinant of yield in macadamia (Fig. 1b). We quantified the
initial nut set 3 weeks after maximum flowering and the final nut set 15
weeks after flowering (Trueman and Turnbull, 1994; Wallace et al.,
1996). Owing to the large number of flowers per raceme, it was not
feasible to always count the individual number of flowers. However, we
found the number of flowers of a raceme strongly correlated to its
length. We therefore measured the length and counted the number of
flowers on 100 racemes from different cultivars. This yielded a strong
correlation with an increase of 0.718 flowers per 1mm increase in ra-
ceme length (Fig. 1c; r= 0.76, p < 0.001, df= 98). As unpollinated
flowers and partially-developed nuts are aborted during nut develop-
ment but not the stalk of the raceme, we could estimate the number of
flowers that had been present on the raceme at the stage of nut de-
velopment, using raceme length as a proxy. We used the following
equation based on the coefficients of a linear regression:
= +number of flowers per raceme raceme length mm84.34 0.72* [ ]
2.6. Statistical analysis
2.6.1. Pollination experiments
We modelled the initial (log(x+ 1)-transformed) and the final nut
set (log(x+1)-transformed; both standardized to 200 flowers) in re-
sponse to our pollination treatments (‘bagged flowers’, ‘open flowers’
and ‘supplemental hand pollination’) using linear mixed-effects models
to account for multiple observations (racemes) on trees as well as the
spatial structure of our data (trees nested within transects from orchard
edges nested within orchards). Hence, we included orchard, transect
and tree ID as random effects. In statistical notation, the model read:
Nut set∼ treatment+ (1|orchard/transect/tree ID)
Subsequently, we made pairwise comparisons of the nut sets be-
tween the treatments using Tukey’s test.
2.6.2. Pollinator visitation rates
We modelled pollinator visitation rates (log(x+ 1)-transformed and
standardized to 200 flowers) on observation trees as a function of
honeybee management and landscape context. For the honeybee
management, we included tree distance to the nearest colony, colony
density and the connectivity index. For the landscape context, we in-
cluded the additive and interactive effects of edge type (near-natural vs.
human-modified) and the distance of observation trees from the edge.
Again, we used linear mixed-effects models to account for repeated
observations of pollinators on the same trees, as well as the spatial
structure of our data. In statistical notation, the model read:
Visitation rates∼ distance to nearest colony+ colony density+ con-
nectivity index+ edge type×distance to edge+ (1|orchard/transect/




We used two model approaches to explain variation in initial (log
(x)-transformed) and final (log(x+ 1)-transformed) nut set of maca-
damia trees. First, we investigated direct effects of pollinator visitation
on nut set, modelling initial as well as final nut set in response to
pollinator visitation rates (sqrt-transformed) on the level of individual
macadamia trees. Initial and final nut set as well as visitation rates were
standardized to 200 flowers. Again, we used linear mixed-effects
models with the random effect structure as described above. Second, we
investigated indirect effects of honeybee management and landscape
context on nut set, using the same predictors and random effects
structure as presented in the model formula in Section 2.6.2. In all
analyses, we scaled the numerical predictors to zero mean and unit
variance, allowing for direct comparison of effect sizes. All analyses
were conducted in R ver. 3.3.2 (R Development Core Team, 2016).
3. Results
3.1. Pollination experiments
Our pollination experiments revealed a strong reliance of maca-
damia nut set on animal-mediated pollination, as well as evidence for
pollen limitation. Excluding pollinators from flowers reduced the initial
nut set (measured 3 weeks after pollination) from on average 3.77 nuts
per 200 flowers on untreated flowers to 0.74 nuts per 200 flowers on
bagged flowers, a reduction of 80% (Table 1; Fig. 2a). The use of sup-
plemental hand pollination to test for pollen limitation significantly
increased the initial nut set, resulting in 6.27 nuts per 200 flowers, an
increase of 66% of the natural initial nut set on untreated flowers
(Fig. 2a). The effects of the pollination treatments levelled off at the
time of the final nut set (15 weeks after pollination) and were only
marginally statistically significant (p < 0.100; Table 1; Fig. 2b). Thus,
pollinator exclusion tended to reduce the final nut set by 54% from 0.39
to 0.18 nuts per 200 flowers and supplemental hand pollination tended
to increase final nut set, with an average increase of 44% as compared
to untreated racemes, or from 0.39 nuts per 200 flowers without to 0.56
nuts per 200 flowers with supplemental hand pollination (Table 1;
Fig. 2b).
3.1.1. Pollinator visitation rates
In 271 of 432 five-minute-observations (36 h in total), a potential
pollinator was observed making contact with a flower. Unexpectedly,
we observed almost no flower visits by species other than honeybees,
which made up 99% of all visits (267 observations; 1367 of 1378 ob-
served flower visits; Fig. A2 in Supplementary materials). Visitation of
flower visitors to macadamia trees was positively related to the spatial
connectivity of the observed trees to apiaries (Table 2a). Hence, while
distance to the nearest colony and colony density did not affect visi-
tation rates, the combined contributions of the two as measured by our
connectivity index increased visitation rates (Fig. 3a). In addition, the
distance of trees from orchard edges in interaction with edge type af-
fected visitation rates. Here, visitation rates significantly decreased
from the centre of orchards towards edges bordering human-modified
habitat (Table 2a; Fig. 3b). In contrast, visitation rates on trees re-
mained unaffected on edges bordering a high amount of near-natural
habitat (Fig. 3c).
3.1.2. Nut set
There was no significant relationship between the initial nut set and
pollinator visitation rates (ß=−0.062; Z=−1.221; P=0.222) or
between the final nut set and visitation rates (ß= 0.022; Z=0.757;
P= 0.449). In addition, neither variation in honeybee management
(distance to nearest colony, colony density, connectivity index) nor in
landscape context (additive and interactive effects of tree distance from
edge and edge type) affected the initial nut set on trees (Table 2b;
Fig. 4a). However, the final nut set was depressed on trees that were
situated in locations with high density of honeybee colonies (Table 2c;
Fig. 4b). An increase from 0.15 to 0.35 colonies per ha, the lowest to the
highest density recorded in our study, reduced the final nut set from on
average 0.36 to 0.18 nuts per 200 flowers (back-transformed means);
the equivalent of an average reduction in final nut set of 50%.
4. Discussion
Our study revealed a strong dependence of macadamia nut pro-
duction in South Africa on animal-mediated pollination. However, the
apparently low pollination efficiency of managed honeybees (making
up 99% of all visits) and virtual absence of wild pollinators resulted in
severe pollination limitation that current management practices fail to
close. Increasing the connectivity between macadamia trees and api-
aries resulted in higher visitation rates but not higher nut set, which
was even reduced at high colony densities.
4.1. Pollen limitation and nut set in mass-flowering macadamia orchards
Our pollination experiments revealed a clear dependence of initial
(3 weeks after pollination) and final nut set (15 weeks after pollination)
of macadamia trees on animal-mediated pollination. Exclusion of
flower visitors reduced initial and final nut set by 80% and 54%, re-
spectively. Moreover, compared to untreated racemes, supplemental
hand-pollination increased initial and final nut set by 66% and 44%,
respectively, although only the former comparison was also statistically
significant. Hence, pollination-limitation in the studied macadamia
orchards was mainly apparent at early stages of nut development.
In Macadamia, cross-pollination between tree individuals of dif-
ferent cultivars is crucial to attain high yields (Trueman, 2013). In our
experiments, trees that received an additional hand-pollination with
pollen from other cultivars had a significantly higher initial, but not
final nut set compared to bagged and untreated racemes. Other studies
on wild and cultivated macadamia species in Australia and Hawaii
support the importance of cross-pollination with differing effects on
initial and final nut sets (Ito and Hamilton, 1980; Pisanu et al., 2009;
Sedgley, 1983; Wallace et al., 1996). All of these studies found higher
initial nut set following cross-pollination. The less clear results for the
final nut set suggest a multifactorial explanation for the successful de-
velopment of ripe nuts. Macadamia trees respond to resource limitation
by increasing abscission rates of premature nuts in situations of sub-
optimal conditions. A tree can have up to 2500 racemes, each with
around 200 flowers (Trueman, 2013), theoretically resulting in 500 000
mature nuts on one tree. Consequently, extremely high abscission rates
with only 0.3% (Ito and Hamilton, 1980) to 0.6% (Sakai and Nagao,
1985) of flowers reaching maturity are not unusual. The occurrence of
Table 1
Pairwise comparisons of predicted means of initial and final nut set per 200
flowers of macadamia trees in response to pollination experiments (exclosure of
pollinators= bagged flowers, supplemental hand pollination=hand pollina-
tion, control= open flowers). Shown are results from Tukey post-hoc tests of
linear mixed-effects models.
Response and pairwise comparisons Estimate SE Z P
Initial nut set (log+1)
Open flowers vs. bagged flowers 1.008 0.115 8.731 < 0.001
Hand pollination vs. bagged flowers 1.429 0.122 11.723 < 0.001
Hand pollination vs. open flowers 0.421 0.072 5.857 < 0.001
Final nut set (log + 1)
Open flowers vs. bagged flowers 0.162 0.094 1.717 0.086
Hand pollination vs. bagged flowers 0.279 0.104 2.690 0.007
Hand pollination vs. open flowers 0.118 0.061 1.927 0.054
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other limiting factors (e.g., limited irrigation or nutrient availability)
between initial and final nut set may therefore explain the less pro-
nounced relationship between pollination and final nut set. Still, our
findings suggest that without pollination, even an otherwise agrono-
mically highly optimized management will fail at achieving high ma-
cadamia yields.
4.2. Managed honeybees fail at delivering pollination services
Pollinator visitation to macadamia trees was strongly dominated by
honeybees. Honeybee management is typical in the mass-flowering
macadamia orchards, and we found the spatial connectivity of hon-
eybee colonies to macadamia trees to be the best predictor of honeybee
visitation rates. Hence, to increase pollinator visitation rates both
colony proximity and colony density need to be optimized simulta-
neously, corresponding to findings from almond orchards (Cunningham
et al., 2016). So far, macadamia farmers’ associations appear to be
mainly aware of optimizing the density of bee hives per hectare and
thus give the vague advice of 1–3 hives per hectare without mentioning
their arrangement (de Villiers and Joubert, 2003). However, our results
indicate that solely increasing honeybee colony densities will not
translate into increased nut set.
Overall, the absence of a correlation between pollinator visitation
rates and nut set, and the depressed nut set at higher colony densities,
support the notion that the currently applied pollination management
that strongly focusses on honeybees fails at achieving the needed pol-
lination services for optimal yields. Despite their often high dominance,
honeybees can be very inefficient pollinators. In macadamia, honeybees
appear to make less often contact with flower stigmas during foraging
than stingless bees (Heard, 1994), which are the native pollinators of
wild Macadamia spp. in Australia (Heard and Exley, 1994; Pisanu et al.,
2009). In general, wild bees often increase crop yields regardless of
honeybee abundance (Garibaldi et al., 2013). We observed almost no
pollinator species other than honeybees in our study (< 1.0% of all
visits), which may also have affected honeybee foraging behaviour. In
the absence of other pollinators, honeybees have been shown to restrict
their foraging to spatially confined areas (e.g., single rows of tree cul-
tivars; Brittain et al., 2013), which limits the amount of pollen trans-
ported between plant individuals and hence outcrossing of cultivars
(Brittain et al., 2013; Greenleaf and Kremen, 2006). Our finding that
the final nut set even decreased in response to higher honeybee colony
densities supports this notion. As visitation rates were neither related to
colony density nor to nut set, the reduced nut set may have resulted
from changes in honeybee foraging behaviour. For example, at high
colony densities, intraspecific competition may have led honeybees to
repeatedly exploit the same resources, which could have reduced rates
of cross-pollination.
In order to possibly increase yields and sustainably manage polli-
nation services we suggest that macadamia farmers should not solely
Fig. 2. Effects of pollination experiments on a) intial and b) final nut set of macadamia trees. Shown are model predictions with 95% confidence intervals. Different
capitalized letters indicate significant differences in the mean predicted nut set between treatments (pairwise comparisons with Tukey post-hoc test at p < 0.05;
detailed results in Table 1).
Table 2
Pollinator visitation rates, initial nut set and final nut set of macadamia trees in
response to honeybee management (distance to nearest colony, colony density
per ha, and a connectivity index that combines both attributes) as well as
landscape context (orchard edge type: near-natural vs. human-modified, dis-
tance of observed tree from edge, and interaction of both). Visitation rates and
nut sets were standardized to 200 flowers. All predictors were scaled to zero
mean and unit variance, allowing for direct comparison of effect sizes.
Significant predictors (P < .05) are shown in boldface type.
Estimate SE Z P
a) Response: visitation rates (log+1)
(Intercept) 0.312 0.049 6.403 0.000
Distance to nearest colony 0.005 0.034 0.135 0.893
Colony density 0.022 0.036 0.604 0.546
Connectivity index 0.073 0.036 2.046 0.041
Edge type (human-modified vs. near-
natural)
0.047 0.071 0.666 0.506
Distance from edge 0.070 0.024 2.961 0.003
Edge type vs. distance from edge −0.072 0.035 −2.045 0.041
b) Response: initial nut set (log)
(Intercept) 1.236 0.209 5.910 0.000
Distance to nearest colony 0.158 0.136 1.158 0.247
Colony density −0.226 0.122 −1.855 0.064
Connectivity index 0.173 0.176 0.985 0.325
Edge type (human-modified vs. near-
natural)
−0.015 0.171 −0.090 0.929
Distance from edge −0.021 0.078 −0.274 0.784
Edge type vs. distance from edge −0.072 0.115 −0.623 0.533
c) Response: final nut set (log + 1)
(Intercept) 0.307 0.122 2.519 0.012
Distance to nearest colony 0.096 0.083 1.151 0.250
Colony density −0.142 0.066 −2.140 0.032
Connectivity index −0.020 0.092 −0.215 0.830
Edge type (human-modified vs. near-
natural)
0.020 0.152 0.131 0.896
Distance from edge 0.003 0.032 0.084 0.933
Edge type vs. distance from edge −0.007 0.048 −0.135 0.893
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rely on managed honeybees. Stingless bees (Apidae: Meliponinae) are
important pollinators of naturally occurring Macadamia spp. in their
native range Australia (Heard and Exley, 1994). Experiments have
shown that stingless bees are more efficient pollinators of macadamia
flowers on a per-visit basis than honeybees, although honeybees may
compensate for this by higher visitation rates (Heard, 1994). Bee-
keeping of stingless bees for crop pollination is still largely a non-
commercial small-scale business (Slaa et al., 2006), but the increase of
stingless bees in beekeeping in Australia for commercial crop produc-
tion could indicate that this is slowly changing (Halcroft et al., 2013).
We are not aware of similar applications in South African macadamia
orchards, and the potential of stingless bees for enhancing macadamia
production warrants further research.
4.3. Negligible effects of landscape context on flower visitation and nut set
Wild bees and other wild pollinators of crop species depend on
natural or semi-natural habitats in close proximity to agricultural sys-
tems (Blanche et al., 2006; Carvalheiro et al., 2010; Chacoff and Aizen,
2006; Garibaldi et al., 2011). In line with our observation of dominance
of managed honeybees we did not detect higher pollinator visitation
rates or nut set on trees close to natural habitats, as would result from
considerable spill-over of wild pollinators from these to macadamia
orchards (as for example observed in coffee plantations; Ricketts,
2004). However, we observed slightly reduced visitation rates on trees
bordering habitats that were strongly modified by humans. This may be
explained by feral honeybees that find more suitable nesting places in
the natural bush than in strongly human-modified habitats. We also
recorded very few stingless bees during pollinator observations, with no
predictable difference between trees located at near-natural or human-
modified edges (one individual of Plebeina hildebrandti and Meliponula
ferruginea, respectively, and one unidentified Meliponinae; Fig. A2 in
Supplementary materials). Hence, habitat conservation alone may not
suffice to generally promote additional pollination services by non-Apis
pollinators. Instead, macadamia farmers may need to reduce the mul-
tiple stressors resulting from current management practices, such as
wild pollinator exposure to pesticides and lack of flowers in the in-
tensively-managed monocultures.
4.4. Conclusions
We found evidence for substantial pollination limitation in maca-
damia orchards in South Africa, currently the world’s largest maca-
damia nut producer. Honeybees strongly dominated flower visitation,
which was mainly the result of intensive honeybee management inside
orchards. However, despite their frequent flower visitation, honeybees
failed at delivering efficient pollination services, as evidenced by a lack
of correlation between visitation rates and initial as well as final nut set.
Indeed, our results suggest that increasing their colony densities can
even result in reduced final nut set. The experimentally demonstrated
gaps in nut production despite high honeybee abundance suggest that
additional pollinator species are needed to achieve maximum
Fig. 3. Pollinator visitation rate on macadamia trees as a function of their distance to a) honeybee management, i.e., the connectivity of apiaries to trees, as well as
landscape context whereby trees are situated either along transects at b) orchard edges bordering near-natural habitat or at c) edges bordering human-modified
habitat. Shown are predictions from linear mixed-effects models (solid lines) and 95% confidence intervals (grey polygons). Raw data are visualized as transparent
blue circles, with circle size proportional to the number of racemes for which a given data point was observed. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
Fig. 4. Nut set of macadamia trees as a function
of honeybee colony density surrounding trees
in a one ha area. Shown are predictions from
linear mixed-effects models for a) initial and b)
final nut of trees (dashed line: P < 0.10; solid
line: P < 0.05), including 95% confidence in-
tervals (grey polygons). Raw data are visua-
lized as transparent blue circles, with circle size
proportional to the number of racemes for
which a given data point was observed. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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pollination services. However, these were virtually absent from the
studied orchards, which may be related to the degradation of sur-
rounding natural habitats and heavy use of pesticides. At the currently
attractive market conditions, many South African macadamia farmers
are still expanding their agricultural production areas, often at the ex-
pense of natural habitats. To avoid potential future pollination deficits
in the growing South African macadamia sector, farmers will likely
need to adjust their management practices by restoring natural habitats
and reducing pesticide application to benefit wild pollinators, as well as
extending pollinator management to non-Apis species such as stingless
bees.
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